Abstract. For better understanding physical mechanism of radial disturbances, previously proposed to disturb the wake flow and vortex-induced vibration of risers, numerical simulations are carried out for the flow around the fixed cylinder with such disturbances at a Reynolds number of 100. After introducing disturbances, specific distributions of flow and vertical vorticity near cylinder surfaces are identified and related to different vortex patterns. The spanwise variation of free shear layers is discussed and physically explained. Different characteristics for the pressure on cylinder surfaces, frequency of vortex shedding and time history of lift are also analyzed and presented in detail.
Introduction
A large number of bluff bodies are commonly used in marine engineering, such as cables, risers, pipelines in subsea oil production. Due to the vortex shedding alternatively in the near wake, the bluff body undergoes fluctuating fluid forces. As the frequency of vortex shedding is close to the natural frequency of the body, the synchronization is occurred. The fluid force and oscillating amplitude of body would be suddenly amplified. Such phenomenon is called as the vortex-induced vibration (VIV). Its resulting fatigue damage has the potential to destroy the structural integrity, even the safety of people and production. In a half century, many documents have been published in investigating and understanding the dynamics of VIV. Comprehensive reviews can be referenced recently in [1, 2, 3] .
Thereby, many methods have been proposed over recent years for the aim of disturbing and controlling the flow around the body, leading to weaken, even totally suppress, the vortex shedding, as well as the fluctuating amplitude of the fluid force. For example, the surface control bumps was installed spirally around the body, proposed by Owen [4] . Almost 47% of drag reduction is realized. At certain wave steepness, defined by the ratio of the wave height to the wavelength, there is no signal of regular vortex shedding. Such device is effective mainly in the great mass-damping parameter. Up until now, streamline fairing [5] still exhibits very good aerodynamic performance due to its streamlined shape, resulting in the delay of the flow separation. Interactions between upper and lower free shear layers, as well as the formation of vortex shedding, can also been delayed effectively by splitter plates [6] . Because of variable ocean flow direction, the rotatable device is usually installed on streamline fairing and splitter plates. This could introduce a new trouble in dynamical instability. Helical strake [7, 8] , the most widely used presently, is a device in disturbing spanwise uniformity of vortex shedding. Recently, triple-starting helical grooves were proposed as a new method in VIV suppression and drag reduction [9] . More information can be found out in reviews of [10, 11] .
In addition, three-dimensional geometric disturbance, such a wavy front surface [12] and wholly wavy cylinders [13, 14] , was introduced as another VIV suppressing method. Due to its sensitivity to the flow direction, a new idea that disturbance was introduced in a radial-spanwise plane, called radial disturbance, was proposed [15, 16] Preliminary experiments of oscillating pendulum with radial disturbance in water channel have shown that the oscillating amplitude at the start of synchronization is really reduced but increased subsequently at high velocity. Owing to obvious difference between pendulum and riser, the flow around the fixed cylinder with circular-section and wavy disturbances has been investigated at a Reynolds number of 100 [17] . The drag is increased with the increasing wave steepness. Lift in most cases is greatly reduced. Different flow patterns are classified. As for the moderate and strong effects of disturbance, some new vortex patterns are identified, including the complete suppression of Kármán vortex shedding. Nevertheless, there are still some unknown issues to be explored. It is helpful in better understanding the physical mechanism in effects of such disturbances on the wake flow.
As a basic study, the main purpose is to obtain the further knowledge about the effect of radial disturbance on the flow past a circular cylinder through the numerical simulation at Re=100. Harmonic and conic disturbances are considered with a series of wavelength and wave steepness. Firstly, the physical model is described briefly. Then effects of disturbances on the flow in the wake center plane, corresponding distribution of vertical vorticity on cylinder surfaces and in the near wake, the spanwise variation of free shear layers, time-averaged pressure coefficient on cylinder surface, Strouhal number and so on are presented and analyzed, respectively. At last, conclusions are given.
Physcial Model
Governing Equations. In an inertial Cartesian coordinate system (x,y,z), an incompressible fluid flow past the circular cylinder with radial disturbances, as shown in Fig. 1 , is considered. The peak and valley are defined as spanwise positions with the maximal and minimal diameters, respectively. Then, the wavy shape can be mathematically described by the wavelength λ and the peak-to-valley wavy height W. The dimensionless forms of the continuity and Navier-Stokes equations are expressed as follows,
where u is the velocity vector (u,v,w), p is the static pressure, t is non-dimensional time, Re is the Reynolds number defined as U ∞ D/ν based on the free-stream velocity U ∞ , the diameter of cylinder D and the kinematic viscosity of fluid ν, and ∇ is the gradient operator. In the periodic flow, the frequency of vortex shedding, f, is non-dimensionalized by the Strouhal number, that is St=fD/U ∞ .
(a) (b) Figure 1 Schematics of a flow past circular cylinders with (a) harmonic and (b) conic disturbances.
Numerical Method.
Computations are run by the Fluent software. With the assumption of the periodic flow along the span, boundary conditions in (x,y) plane are described as following: the uniform free-stream velocity at inlet, the non-reflecting outflow at outlet, the free slip at vertical sides and non-slip on cylinder surfaces. The non-dimensional computational domain in (x,y) plane is 40×20. The magnitude of convergent error for the continuity equation is less than 10 -3 . As a basic case for comparison, two-dimensional flow past the circular cylinder is carried out firstly. The wake is typically described by the Kármán vortex shedding. The Strouhal number, St, is
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Applied Mechanics, Fluid and Solid Mechanics 0.165. The mean drag coefficient is 1.39, and the RMS lift coefficient 0.256. Through compared with previous experiments [18] and numerical results [19] , the present calculations are acceptable for further study
Features of Disturbance Effects
In the flow past the straight cylinder, the main control parameter is the Reynolds number. As for the wavy shape, two independent length parameters are defined as the non-dimensional wavelength, λ/D, and wave steepness, W/λ. In the present study, a series of computational investigations have been carried out for different values of λ/D with 4, 6 and 8 and W/λ with 0.0125, 0.025, 0.05, 0.1 and 0.2. Flow in The Wake Center Plane. As the flow approaches the cylinder, due to the peak on the most upstream position, the flow would be three-dimensional and directs from the peak to valley, as shown in Fig. 2 . After the flow surrounds both sides of cylinder, there are mainly two types of flow patterns identified in the wake center plane. For most of cases with the vortex shedding alternatively, the spanwise flow behind the rear surface is also directed from the peak to valley, as shown in Fig. 2(a) . And in the near wake, the flow is simply pointed to the downstream. Meanwhile, the spanwise velocity at certain spanwise positions, such as z=λ/4 and 3λ/4, is almost with the same sign along the downstream. However, as shown in Fig. 2(b) for the strong effect of disturbance, except the Ω-type vortex shed at the valley, the flow direction behind the rear surface is from the valley to peak. The sign of spanwise velocity along the downstream is converse near the rear surface. Therefore, the recirculation region in the wake center plane is formed. Correspondingly, different distribution of vertical vorticity on front and rear surfaces and in the near wake is also able to be described similarly for above two cases, as shown in Fig. 3 . For example, in the first flow case, the sign of vertical vorticity on the rear surface is opposite to that on the front surface, and almost same to that in the near wake. But as for the second case, ω y is always kept the same sign around the surface at the certain spanwise position, and changed its direction downstream. Free Shear Layers in The Near Wake. In previous work [17] , the free shear layers, described by the contours of spanwise vorticity, are almost invariant along the span for the weak effect of disturbance. That is, the wake width is almost constant along the spanwise direction, as shown in Fig. 4(a) . When the radial disturbance is moderate, the upper and lower shear layers at the peak and close to body becomes apart from each other, mainly attributed to larger diameter at the peak, typically as shown in Fig. 4(b) . But, the end of shear layers, rolling up to form the shedding vortex, is away from each other at the valley. Such phenomenon is also appeared in cases with strong disturbance, typically as shown in Fig. 4(c) for the shear layers stretching further downstream, except those with the Ω-type vortex
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shed at the valley with a little complex variation, as shown in Fig. 4(d) . Such varied wake width can be explained and analyzed by the distribution of vertical vortex pairs in the near wake, schematically as shown in Fig. 5 . The additional streamwise velocities at the peak and valley are induced with opposite directions by the vertical vortex pairs with specific distribution in the near wake. As a result, the streamwise velocity would be increased at the peak and reduced at the valley. The wake profile, described by the streamwise velocity varied along the vertical direction at the certain downstream position, would be enlarged at the valley, but shrunk at the peak. Then the wake width is reduced at the peak and increased at the valley. Pressure Coefficient on Cylinder Surfaces. The original idea of radial disturbance proposed in disturbing fluid force stems from the Bernoulli's equation. As stated above, the spanwise flow near the front of cylinder would be greater close to z=λ/4 and 3λ/4. Then the pressure would be reduced obviously, typically as shown in Fig. 6(a) . However, due to the complex vortex shedding in the near wake, the distribution of pressure on rear surfaces would be apparently different from that on front surfaces. As shown in Fig. 6(b) , (c) and (d), three situations are identified, based on the absolute value of pressure coefficients less than, equivalent to and greater than that of the straight cylinder. The relationship between the disturbance intensity and the distribution of pressure on rear surfaces is then summarized in Table 1 . It can be seen that the pressure on rear surfaces for the weak disturbance with λ/D=6 and 8, the moderate effect in Regime II-A and the strong influence in Regime III-A with the Ω-type vortex shed on the valley and Regime III-C is really reduced, but increased in cases of the weak disturbance with λ/D=4 and the moderate effect in Regime II-B. Howbeit, although the pressure on cylinder surfaces in some cases is indeed reduced, the drag of all disturbed cylinders is greater than that of the straight cylinder, as reported in previous study [17] . The reason of such discrepancy is the projected area of disturbed cylinders. As shown in Fig. 7 , with the increase of wave steepness and wavelength, the increase of projected area, equal to Wλ, is linearly rising up and quickly overcomes the decrease of pressure, whatever for the harmonic or conic cylinders.
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Strouhal Number. After introducing radial disturbances, the original vortex pattern, Kármán vortex shedding, is gradually disturbed and even totally disappeared. Several different vortex formations are identified, such as the Ω-type vortex and cloud-like vortex. Hence, the frequency of such vortex shedding would be changed. As shown in Fig. 8 , the Strouhal number, the main frequency of the time history of lift coefficient, is generally decreased as the wave steepness increases, whatever for the harmonic or conic cylinders. Such feature could be helpful in design of some device only required to suppress the oscillating frequency. Time History of Lift Coefficient. At Re=100, the wake flow past the straight cylinder is two-dimensional and typically described by the Kármán vortex with a single frequency of shedding, as shown in Fig. 9 . With the introduction of radial disturbances, the lift still remains the steady fluctuation with a single frequency for the weak disturbance with λ/D=4 and 6, and the moderate disturbance in Regime II-A, as shown in Fig. 10 . However, with further increasing disturbance intensity, the lift is no longer kept with constant amplitude. As shown in Fig. 11 , the peak of oscillating lift is wavily modified along the time and with several frequencies. Through the wavelet analysis, some different features of oscillation frequency varied with time are obtained. As shown in Fig. 11(a) for the weak disturbance with λ/D=8, the modification of fluctuating amplitude of lift is accompanied with mixed several frequencies. When the peak of lift reaches the minimum, the frequency is also reduced. But, as for the moderate effect in Regime II-B, as shown in Fig. 11(b) , only main frequency is appeared during the process of amplitude modification, while there are two frequencies occurred at the minimum of lift amplitude. When the disturbance becomes strong, the oscillating lift sometimes is similar to that with a single frequency, such as cases for 
Summary
In present paper, numerical simulations are carried out to explore more characteristics of flows past the circular-section cylinder with harmonic and conic disturbances at the Reynolds number of 100. As the flow approaches the cylinder, the spanwise component of velocity always directs from the peak to valley on the front cylinder. While on the rear cylinder, the flow direction is just converse, that is from the valley to peak, for the strong disturbance except cases with the Ω-type vortex shed at the valley. Due to the specific distribution of spanwise velocity, as well as the vertical vorticity, the recirculation could be formed in the wake center plane. Furthermore, the existence of vertical vortex pairs in the near wake leads to the wavy variation of free shear layers along the span.
Similarly, different distributions of pressure coefficient on cylinder surfaces are distinguished, related with the corresponding vortex patterns in the near wake. And the relationship between the distribution of pressure and the disturbance intensity is qualitatively summarized.
Generally, the frequency of vortex shedding is gradually decreased with the increasing wave steepness. And there is the amplitude modification in time history of lift coefficient. In some cases, such as weak disturbance with λ/D=4 and 6, there is only one frequency with steady fluctuating amplitude. But in some cases, such as the strong disturbance, multi-frequencies with the wavy fluctuating amplitude of lift are also appeared. As for the later, in the period of amplitude modification, the lift is fluctuated with the main frequency or mixed with multi-frequencies through the wavelet analysis.
In future, due to the natural difference between the near wake flows at lower and higher Reynolds numbers, it is necessary to investigate the effects of such radial disturbances on hydrodynamic parameters and the near wake flow at higher Reynolds numbers.
